Abstract-In this paper, we present a compact tri-band bandpass filter (BPF) using two stub-loaded dual mode resonators (SLDMRs) combined with intra-coupled internal resonators. The designed filter operates at 1.575, 2.4, and 3.45 GHz, corresponding to the GNSS, WLAN, and WiMAX applications, respectively. The passbands of the filter are determined by odd-and even-mode frequencies created by the SLDMR and the internal open loop resonator inside of it. The corresponding even-mode frequency can be adequately tuned by adjusting the length of the stub while the odd-mode frequency is fixed. Two transmission zeros (TZ's) are introduced on each side of the passband to improve the selectivity of the implemented filter. Five TZ's around the edges of three passbands make the passbands highly isolated, and these TZ's can be placed according to the desired choice. The proposed tri-band BPF was designed, fabricated and measured, and the simulated and measured results corresponded very well.
INTRODUCTION
Owing to the rapid growth of various wireless communication services, considerable attention is being given to multiband transceivers, which are advantageous due to relatively low cost and small area occupation for mobile applications. In order for the multiband transceiver to provide seamless communications, it is essential to have a high-performance multiband bandpass filter (BPF) to avoid interference from different wireless bands which belong to the operation of the transceiver. In this regard, various research has been performed on, and several approaches have been developed for designing multiband BPFs. Especially, an enormous amount of work on dual BPF design has been presented based on the techniques of the loaded stub, frequency transformation, and coupling matrix. However, most of these studies only considered filters with specific passband responses [1] [2] [3] [4] . In [5] , a dualconduction resonator was applied to fragment a wide passband into multiple passbands. However, it is challenging to achieve the desired frequency response of each passband in these techniques due to the non-negligible coupling of each resonator.
Typically, tri-band BPFs can be constructed by employing three sets of resonators with a common feed circuit [6] . However, the filter becomes bulky due to increased number of resonators. In order to miniaturize filter size, the researchers in [7] proposed a technique of assembling two resonators into one, while the authors in [8] presented a dual-band BPF using hybrid coded genetic algorithm technique. In [9] , a technique for finding the coupling matrix of assembled resonators that can be used in dual and tri-band filters was proposed, and the researchers in [10] implemented the concept of degenerate modes in ring resonators to achieve a tri-band BPF. Also, a triple bandpass filter has been designed in [11] by the combination of stub loaded resonators and stepped impedance resonators. The center frequencies of this filter have been placed by adequately adjusting the length ratio, and impedance ratio of SLR and SIR, respectively. However, controlling these length and impedance ratio at the same time is very difficult. Utilizing the concept of [11] , the authors in [12] designed the triple bandpass filter by using asymmetric stepped impedance resonator with the concept of controlling impedance and length ratios of the asymmetric SIRs with only one step discontinuity. The implemented technique is quite attractive. However, it makes the circuit size so large to be implemented in portable devices.
Similarly, in [14] , they designed a triple bandpass filter using tri-section stepped impedance resonators (TSSIRs) with zero-degree feedline and open stub. Frequency response at 2.4 GHz, 3.5 GHz, and 5.2 GHz can be precisely adjusted by adding the open stub line. In [15] , a tri-bandpass filter is designed using the stub loaded resonator technique having main transmission line short ended with a centrally loaded open stub. Similarly, an advanced tri-bandpass filter is developed in [17] utilizing symmetrical tri-section stepped impedance resonators. However, the proposed structure has large circuit size and poor isolation. In all of these aforementioned designs, the resonant frequencies of all of the passbands were controlled by selecting the different electrical length and impedance ratios of the various resonators, which have led to massive size and limited applications.
In this paper, a compact tri-band BPF with low insertion loss (IL) and high selectivity is presented. The proposed filter utilizes two coupled stub-loaded dual-mode resonators (SLDMRs) instead of three sets of resonators. The passband frequencies are mainly determined by the entire length of the open loop and the length of the open stub. The two passband frequencies can be easily adjusted to the desired values by adequately adjusting the filter parameters predicted from the even-and odd-mode analysis while the odd-mode resonant frequency remains fixed, which provides advantageous design flexibility. The overall filter dimension is the same as that of the equivalent dual-passband filter as one set of resonators is implanted in the other. The structure of the filter is planar, compact, and simple to design. In addition, there is at least one transmission zero (TZ) on either edge of a passband, which manipulates the skirt selectivity with relatively small insertion-loss in the passbands. A method to control the position of the TZ's has been shown, and the corresponding coupling coefficient and an external quality factor of the filter is provided in detail. A prototype of the proposed filter is also implemented with derived design equations for the experimental verification.
ANALYSIS OF THE IMPLEMENTED RESONATOR
The implemented stub-loaded double mode resonator composed of the microstrip half wavelength resonator and an open stub is shown in Figure 1 Since the SLDMR is incorporated into the structure, we can examine it using the concept of odd-and even-mode analysis [1] . There is a null in the middle of the SLR for the excitation of the odd mode. The equivalent circuit of the odd mode is shown in Figure 1 (b). Thus, the input admittance for the odd mode can be represented as: where θ 1 = βL 1 is the electrical length of the microstrip line with the length of L 1 . At resonance, Y in,odd = 0. Hence, the frequency of odd mode can be calculated by
where n = 0, 1, 2, 3, . . ., c is the speed of light in free space, and ε ef f is the effective dielectric constant of the substrate. The flow of current in the symmetrical plane of the SLR is zero at even-mode excitation, and so the equivalent even-mode circuit can be deduced as shown in Figure 1 (c). The input admittance of the even mode can be calculated as:
where θ 2 = βL 2 is the electrical length of the open stub with the length of L 2 . Similarly, at the resonance frequency, Y in,even = 0 and the frequency of the even mode can be calculated as:
When we let Y 2 equal 2Y 1 , cot(
2 ) tan(θ 2 ) = −1, thus the resonance condition can be deduced as:
where λ g is the guided wavelength and the even mode resonant frequency can be calculated as: Table 1 . Two SLDMRs combined with intra-resonator coupling between internal and external rings are utilized to achieve a tri-band BPF. The 3 dB fractional bandwidth (FBW) of three passbands are set as 10%, 5%, and 11% at their center frequency of 1.575, 2.40 and 3.45 GHz, respectively. The insertion loss method using the coupling coefficient M i,j and the external quality factor Q en has been used to satisfy the specifications of all of the passbands. These parameters are respectively calculated using the following two equations [13] :
DESIGN AND RESULTS OF THE PROPOSED FILTER
where g i and g i+1 are the element values for the lowpass Chebyshev prototype having 2 dB ripples given as g 0 = g 2 = 1, g 1 = 1.5296 [18] , and FBW is the 3 dB fractional bandwidth of the filter response. The approximate synthesis of the element values for the filter can be calculated as [19] :
where n is the number of the resonator sections, ε r the effective relative permittivity of the substrate, and m = n/2. Figure 3 (a) shows that by varying the stub length (L s ), the fundamental even-mode resonance frequency can be shifted to the desired choice whereas the fundamental odd-mode resonant frequency is conserved. It is seen that by increasing stub length L s = 2 mm to L s = 9 mm, the corresponding upper passband frequency is shifting from 2.8 GHz to 3.6 GHz, respectively. Also, it is advantageous that the upper TZ can be controlled in the same manner just by changing the stub length as validated from Figure 3(a) . All other passbands and TZ's are conserved at their center frequency while changing the stub length. Figure 3(b) shows the simulated reflection coefficient and IL of the proposed filter. The three passbands are centered at 1.575, 2.4, and 3.45 GHz, corresponding the modern GNSS, WLAN, and WiMAX frequency bands. The frequency response is shown in Figure 3 (b) also confirms the analytical results derived in Section 2. There also exist two TZ's on each side of the passband, which significantly isolates one passband from another. The geometrical parameter d determines the placement of the TZ's on either side of the passbands according to the desired frequency in the vicinity of the passband. This behavior of the filter is plotted and shown in Figure 4 , which apparently reveals that each TZ can be adjusted accordingly by changing the parameter d while conserving the center frequencies of the passbands. This behavior of the filter makes them superior to another reported state of the art filters where the TZ's can be changed only by altering the center frequency of the passband. Also, the geometrical parameter d affects the external quality factor of the passbands as shown in Figure 5 , calculated from the method provided in [11] . It is clear from Figure 5 that the effect is more dominant on Band-2 as compared to Band-1 and Band-3. It is also noteworthy that the external quality factor of all the passbands also slightly varies by changing the parameter d which in turn change the fractional bandwidth and the corresponding element values for the lowpass Chebyshev prototype. This is the reason that we can observe the modification of the passband ripple by changing d that is evident from Figure 4 .
The intra-resonator coupling causes another passband at 2.4 GHz which depends on the geometrical parameter 'G 1 '. By increasing G 1 the intra-resonator coupling decreases and at G 1 = 1.2 mm this coupling almost vanishes, and there is no passband anymore as shown in Figure 6 . So, we have usefully utilized this intra-resonator coupling by optimizing the parameter G 1 in order to meet our requirements. The response of the proposed filter by varying the geometrical parameter G 1 having all other design parameters fixed is shown in Figure 6 . The response clearly reveals that how the central passband is generated by analyzing the intra-resonator coupling within the embedded resonators. The analysis of the coupling and external quality factor of the filter was carried out and showed that the parameter 'G 3 ' was able to control inter-resonator coupling. This inter-resonator coupling coefficient, k and external quality factor, Q e , can be calculated from full wave simulated transmitted coefficients given by [11] as
where f l and f h represent the lower and higher frequencies of the two resonant modes; ω 0 accounts for the resonant frequency; Δω (3 dB) is the 3 dB bandwidth of the resonator centered with ω 0 . The coupling coefficient k and external quality factor Q e of this filter are dependent on parameter G 3 as shown in Figure 7 . Also, the parameter G 3 determines the bandwidth of all the passbands as its variation causes the change in the external quality factor of the proposed filter as predicted from Figure 7 .
For the designed filter, the first passband is centered at 1.575 GHz for modern GNSS; it has an IL of 0.739 dB, and the reflection coefficient is better than −20 dB. Two TZ's can be observed adjacent to the passband edges at 1.31 and 1.76 GHz, which significantly improve the skirt selectivity. The bandwidth is almost 237 MHz, which covers the whole frequency range of the GNSS system, including GPS, GLONASS, Galileo, and Beidou. The second passband is positioned at 2.40 GHz for the WLAN system. The bandwidth is around 180 MHz with the lowest measured IL observed of 1.10 dB, and the reflection coefficient in the passband is better than 18 dB. Two TZ's are generated at 2.34 and 2.66 GHz, which are in the vicinity of the passband edges that considerably improve the roll-off characteristics, as shown in Figure 8 . The third passband has a center frequency of 3.45 GHz, which is in the middle of the WiMAX band with a minimum IL of 0.45 dB, and the reflection coefficient within the desired band is better than 15 dB. The TZ observed in the upper stopband is at 3.94 GHz and the one placed at the lower stopband is at 2.66 GHz.
PROTOTYPE AND MEASUREMENTS OF THE FILTER
The 3D EM simulation and S-parameter measurements were accomplished with an Ansoft HFSS and a Keysight N5224A VNA, respectively. Figure 8 compares the simulated and measured responses of the BPF. The passbands of the proposed filter were located at 1.575, 2.4, and 3.45 GHz. The bandwidths were 237, 179, and 192 MHz, which covered the modern GNSS, WiFi, and WiMAX systems, respectively. The minimum ILs including the SMA connector was 0.74, 1.14, and 0.30 dB, respectively. Five TZ's were generated at 1.31, 1.76, 2.34, 2.66, and 3.94 GHz, resulting in high isolation between each band. The corresponding BPF implemented on the Rogers-RO5880TM substrate is shown in Figure 2(b) .
The comparisons between the proposed, designed filter and other recently reported state-of-the-art tri-band BPF designs are listed in Table 2 . The proposed BPF possesses the advantages of low IL, maximum Tx-zeros, and compact size. 
CONCLUSIONS
Based on SLDMR analysis, a compact tri-band BPF utilizing two coupled resonators with enhanced skirt selectivity in the vicinity of the passband having low insertion loss is presented. The passband frequencies can be independently adjusted to desired values by controlling the corresponding resonator dimensions. Five transmission zeros (TZ's) were realized, resulting in high selectivity of the passbands. The analysis has also been carried out on coupling coefficient and external quality factor. Also, the effects of the controlling geometrical parameters are discussed in detail. The proposed tri-band bandpass filter has been fabricated, and the calculations and simulations correspond well with the measured results. The multi-band operation, compact size, and planar structure of the proposed filter make it attractive for the use in portable wireless communication systems.
